Manioc is an important root crop in the tropics and the most important staple food in the Amazon. Manioc is diverse but its diversity has not yet been clearly associated with environmental or social factors. Our study evaluates how variation in edaphic environments and in social factors influences manioc diversity among five ethnic groups of the Amazon region of Colombia. Inventories of landraces, genetic analysis of manioc diversity, visits to farmers' swiddens and interviews with farmers were carried out during two years of field work. Morphotypic and genotypic diversity of manioc were large. The different ethnic groups of our study cultivate different sweet and bitter manioc landraces which they select and maintain in accordance with their ancestral rules and norms. Differences in available environments among indigenous communities (such as the presence of different soils) did not markedly affect manioc morphotypic or genotypic diversity, while social factors considerably influenced observed manioc diversity. Manioc diversity was explained by two parallel processes of manioc diversification: volunteer seedling selection and manioc seed OPEN ACCESS Diversity 2014, 6 793 exchange. We argue that, for a full understanding of manioc diversity, indigenous knowledge, as well as morphological and genetic variation should be taken into account.
Introduction
Manioc (Manihot esculenta Crantz), a crop domesticated in Central Amazonia around 8000-10,000 years ago [1] , is currently the sixth most important crop in tropical and sub-tropical areas of Africa, Asia and America [2] . The main world collection of manioc is located at the Centro Internacional de Agricultura Tropical (CIAT) in Colombia with more than 5000 accessions. CIAT classifies and conserves this publicly accessible manioc germplasm with an aim to improve crop performance, increase yields under different conditions, and adapt the crop to global climate change [3] .
World crop collections maintain a core set of germplasm which is considered the minimum number of specimens that represent the genetic diversity of a crop and its relatives [4] . However, in the case of manioc, core collections apparently do not represent the diversity present in highly diverse regions such as the Amazon region [5] [6] [7] and therefore do not necessarily represent the complete diversity of this crop. A way to improve the selection of specimens for their conservation from areas such as the Amazon region is by understanding how manioc diversity is generated and preserved there and what factors affect its diversification. This information is partially available from previous studies conducted in particular areas [6, 8, 9] or among particular ethnic groups of the Amazon Basin [10, 11] , but comparison of results between different locations or ethnic groups has so far not been attempted.
The general consensus among manioc geneticists is that manioc diversity is complex and varies depending on whether or not it is assessed by the number of genotypes or morphotypes [6] . A genotype is a specific arrangement of genes that confer morphological and physiological characteristics to a particular group of plants. A morphotype is the outcome of the genetic expression that results in a particular arrangement of morphological features that can be recognized in a group of plants. In the field, populations of autochthonous manioc morphotypes (product of natural and artificial selection) are denominated landraces [12, 13] . At least three reasons can be given why the number of genotypes or morphotypes distinguished in a sample differs. One is that manioc is highly heterozygous (bi-allelic state for most important variable sites). It is monoecious (separate male and female reproductive organs on the same plant) and out crossing rates are thus high, making it difficult to interpret manioc variability [14] . A second reason is that the next-generation molecular markers (with high discrimination power) have become available only recently, making it possible to improve the discrimination of genotypes with respect to the number of morphotypes assessed [15] . A third reason is that manioc, although commonly reproduced clonally, also maintains the capacity to reproduce sexually, thus producing seedlings from a recombination of clonally maintained landraces and causing new genotypes that continuously emerge-genotypes that could (or could not) heretofore be distinguished as different manioc landraces [16] . In this paper, we call these seedlings volunteer seedlings [17] .
Manioc is the most important staple crop in the Amazon region and exhibits a particularly high diversity there. Manioc diversity is distributed unevenly across different Amazonian environments [18, 19] and ethnic groups [10, 11, 20] . On alluvial soils from the Madeira River (Brazil), for example, a higher manioc genetic diversity was observed than on highly weathered soils or anthropogenic soils of that region [18] . This difference was partially attributed, on the one hand, to the presence of diversity of soil types apt for manioc cultivation. On the other hand, the distribution of manioc diversity has been explained by the indigenous farmers' practice of collecting naturally occurring volunteer seedlings [20] and of cropping, maintaining and exchanging different manioc landraces [8] . Volunteer seedlings are incorporated in farmers' portfolios, thus increasing the number of landraces each farmer holds [17] , but also increasing the genetic diversity by inbreeding [21, 22] . The selection and maintenance of volunteer seedlings in farmers' portfolios have been attributed mainly to farmers' practices through directional selection in accordance to the agronomic performance of the volunteer seedling and through ideotypic selection when the volunteer seedling is similar to a landrace a farmer already recognizes [21] . However, since volunteer seedlings initially produce a single root [23] and therefore are less productive than maniocs propagated clonally, it is not clear how farmers select and why they maintain volunteer seedlings to propagate them clonally. Manioc exchange usually occurs among kin and reflects a particular farmer's social network [10] ; sometimes, however, key individuals specialize in the breeding and maintenance of manioc germplasm-as is the case of Amuesha shamans of the Peruvian Amazon [11] . New landraces increase farmers' manioc portfolios; these in turn are exchanged with other farmers-in this way increasing the number of landraces at community level.
Amazonian societies consider manioc to be much more than only a crop, and attribute to it a variety of symbolic meanings that are part of their wider cultural patrimony [8] . For the Piaroa ethnic group of the Venezuelan Amazon, for example, manioc is considered cultural heritage and is used as a mediator of social relationships [20] . The social aspects of manioc might thus encourage or restrict its exchange among ethnic groups and in turn affect manioc diversity of a specific area or region.
With the aim to contribute to the understanding of manioc genotypic and morphotypic diversity in the Amazon region, interdisciplinary research was carried out to study manioc diversity at the community level, indicating what factors affect manioc diversity, how manioc diversity at community level contributes to manioc diversity at regional level and, finally, what information associated to manioc landraces must be considered to select and conserve manioc diversity in situ or ex situ. The main question guiding our research was: How is manioc diversity shaped by edaphic and social differences among indigenous communities of the Colombian Amazon? To answer this question, manioc morphological and molecular diversity was evaluated in areas inhabited by different ethnic groups. Soil differences and social factors were analyzed to assess their importance for manioc diversification.
Results

Manioc Diversity in the Study Area
Morphotypic Manioc Diversity
Indigenous descriptions of manioc landraces were based on homolog morphological parameters comparable to those proposed by CIAT and EMBRAPA (cf. Figure 1 and Table S1 ) as colors and shapes are morphological characteristics easily recognizable by manioc farmers around the world. All farmers recognized volunteer seedlings as plants that do not grow from stem cuttings, produce only a single bulking root, and appear spontaneously in swiddens on soils where manioc had been grown previously. When CIAT's and EMBRAPA's morphological features for manioc description were discussed with indigenous farmers, they disagreed that the presence/absence of a root stem (Figure 1 ) might be used as a parameter for manioc classification.
Figure 1.
Morphological features used to describe manioc morphotypes. The illustration is a modification (with permission of the Sinchi Institute) of one of the drawings elaborated by Luis Angel Ramos del Águila describing a Tikuna manioc landrace [24] .
Farmers considered that all manioc landraces had a root stem, and that only volunteer seedlings (which have a single root attached directly to the stalk) lacked this. Although among these ethnic groups the presence or absence of a root stem was not considered an appropriate morphological feature to classify manioc, it has been observed that presence or absence of a root stem provided a relevant morphological characteristic to classify manioc landraces cultivated by Makushi people of Guyana [6] .
In addition to morphological characteristics of manioc, indigenous people also considered toxicity and use as important features to classify manioc landraces. All five ethnic groups used morphological, toxicity and use parameters to classify manioc landraces, but classifications differed in complexity among ethnic groups (Table 1) . Tikuna people classified manioc landraces into two main groups (Table 1) : Maniocs "to eat" composed of manioc landraces with low root toxicity that can be cooked and eaten directly without a detoxification pre-treatment, and bitter maniocs composed of high toxicity manioc landraces that require a process of detoxification before they can be eaten. On the other hand, Andoke, Muinane, Nonuya, and Uitoto people classified manioc landraces into four main groups (Table 1) . One group was composed of non-toxic Manicuera landraces used to prepare their traditional drink called Manicuera (a very sweet juice prepared after grating manioc roots and cooking the squeezed juice in water). Table 1 . Local manioc classification and diversity (number of landraces and between brackets percentage within a community) in five indigenous communities of the Colombian Amazon. T = Total number of manioc landraces per class. EI = Number of manioc landraces associated to ethnic identity in each class; NE = Number of manioc landraces not associated to ethnic identity in each class. Of these one Manicuera, one manioc "to eat", one manioc "to grate", and one yellow bitter manioc were identified by informants as landraces originating from the Bora ethnic group. 2 Of these two maniocs "to grate" and one yellow bitter manioc were identified by informants as landraces originating from the Miraña ethnic group.
The second group was composed of low toxicity "to eat" landraces with white or very pale yellowish roots. The third group was composed of high toxicity "to grate" landraces with white to very pale yellowish roots usually used to obtain starch through grating. The fourth group was composed of high toxicity landraces with clearly yellow roots used for different recipes.
From the 173 manioc samples collected and described, 165 came from clonal stems while eight were volunteer seedlings. Among the 173 samples 60 landraces were recognized by local people as non-toxic maniocs which included "to eat" and Manicuera maniocs (35%) with low toxicity and 113 as toxic maniocs which included "to grate" and yellow bitter maniocs (65%) with high toxicity. Manioc inventories included between 27 and 46 different manioc landraces per community ( Table 1 ). The average number of manioc landraces per swidden was 12, without significant differences among indigenous communities.
After a detailed review with local farmers of samples from their own community and samples collected across all communities of the Middle Caquetá region, only three duplicates were identified by them.
Differences among communities in the total number of manioc landraces were not significant (chi-square value = 4.5, d.f. = 4; α = 0.05), but there were significant differences in the number of low toxicity and high toxicity manioc landraces cultivated among ethnic groups (chi-square values of 10.99 and 21.19, respectively, for low toxicity and high toxicity landraces; d.f. = 4; α = 0.05). The Tikuna community maintained more low toxicity manioc landraces than the People of the Center communities. On the other hand, the People of the Center communities maintained more high-toxicity manioc landraces ( Table 1) . Although the Tikuna do not themselves make the distinction between bitter manioc landraces with different color of bulking root pulp, we observed that, from the 10 bitter manioc landraces they maintained, eight were yellow bitter maniocs and one had pink root pulp.
When the number of maniocs "to eat", maniocs "to grate", and yellow bitter manioc landraces were compared among indigenous communities of the People of the Center, significant differences in the number of landraces "to eat" and yellow bitter manioc landraces were found (chi-square values of 10.5 for landraces "to eat" and 25.8 for yellow bitter manioc landraces, respectively; d.f. = 4; α = 0.05).
Genotypic Manioc Diversity
Most of the single nucleotide polymorphisms (SNPs) used discriminated manioc samples well after 28 cycles, and only few samples required 33 cycles to obtain proper discrimination. On average observed heterozygosity was 0.39 across the 93 SNPs, with values between 0.04 and 0.69. Around 20% of SNPs had an observed heterozygosity below 0.30 (Table S2) .
From the 173 collected manioc landraces considered unique by farmers 44 samples were duplicates, i.e., genetically not 173 but 160 genotypes were distinguished (Table 2) . These duplicates were partly collected in different communities with different names and characteristics (30 manioc landraces) and partly collected in the same community (14 manioc landraces).
Morphological comparison of genotype duplicates indicated that different morphotypes could have identical genotypes based on genetic analyses (see duplicate 16, ADU3 and ADU4 in Figure S1 ). Duplicates could be considered different in one or more features (Table 2) , but the manioc class in which the landraces were classified (Z-table value of 0.999), the color of bulking root pulp (Z-table value of 0.974), and the uses (Z-table value of 0.939) were the most common characteristics the duplicates shared.
When the 173 manioc morphotypes collected during our research were compared genetically with manioc genotypes from the CIAT collection, three of the morphotypes collected that corresponded to one genotype (duplicate 2 in Table 2 ) matched to one of the CIAT genotypes. The remaining 41 duplicates (or 20 genotypes) and the 129 unique manioc morphotypes were genomic material that was new and different from the CIAT core collection, in fact largely grouping into a different cluster ( Figure S2 ). When the genomes of morphotypes collected in this project were compared with genotypes from the CIAT core collection, manioc genotypes from the Tikuna community of San Martín de Amacayacu (AMA) appeared to be closely related to Peruvian manioc genotypes (PER). Manioc genotypes from the communities of the People of the Center formed a cluster apart from the bulk of the genotypes provided by CIAT ( Figure S2 ). When a genetic analysis of manioc samples was done according to their toxicity, "to eat" maniocs formed a cluster apart from bitter maniocs ("to grate" and yellow bitter maniocs), except for few samples (Figure 2) . Manicuera maniocs on the other hand were genetically more related to high toxicity maniocs than with low toxicity maniocs ( Figure 2 ). With K = 3 and K = 6, one cluster (in red in the first STRUCTURE graph and red and pink in the second STRUCTURE graph in Figure 2 combined most of the "to eat" maniocs. Although some of the "bitter" maniocs were placed in the "sweet" manioc cluster and Manicuera maniocs were placed in the "bitter" manioc cluster, indigenous morphotypic and toxicity organization into "to eat" and bitter maniocs corresponded largely with the clustering based on genomic information. 
(B)
From a total of 173 samples, 74% had high genomic variability indicating they were the product of mixing of several genomes. The remaining 26% of the samples had low genomic variability with single population membership coefficients (Q) higher than 0.9. The proportions of landraces with high/low genomic variation were comparable across communities: 73%/27% for San Martin de Amacayacu, 72%/28% for Aduche, 77%/23% for Guacamayo, 78%/22% for Peña Roja, and 81%/19% for Villazul.
Sources of Manioc Landraces
Mythical Accounts of the Origin of Manioc Use
Ethnic groups from the Amazon region of Colombia consider manioc as a native species. Manioc domestication is attributed to mythical beings and this knowledge is passed on orally from generation to generation.
In Tikuna narratives, manioc came from the mythic "tree of abundance". The maintenance and preparation of this mythic manioc were in the hands of an ancient woman and her husband, a bird that was the owner of fire [25] . Manioc was the food that allowed the mythic twins Yoi and Ipi to procreate and feed their off-spring. According to these narratives, the origin of the Tikuna was directly related to manioc: when Yoi went fishing, he used different baits to fish different animals, but when he used a piece of sweet manioc to fish at the Eware River, he fished the Tikunas [26] . That is why the Tikunas know how to cultivate sweet manioc-their main food.
According to narratives of the People of the Center, manioc existed before humans as a Paempa tree (Paempa is the name Andoke people use to refer to Manicuera manioc). According to Y.A., one of the students of Yiñeko, the Andoke leader that rebuilt Aduche after the rubber boom, "the first Manicuera landrace as we know it today originated from a branch of the Paempa tree that fell down and stuck into the ground" (Interview with Y.A., November 22, 2012 "When God started to distribute the manioc landraces among the People of the Center, he first distributed Manicuera among all groups. Then he distributed maniocs "to grate" to Andoke, Muniane and Bora people. It was getting late and there were still other groups waiting for maniocs. He finally gave to Uitoto and Nonuya people yellow bitter maniocs. Because it was too late to grate them, Uitoto and Nonuya women put the roots into the water. That is why Uitoto and Nonuya women don't know how to grate manioc" (Interview with V.M., April 25, 2013).
The Andoke also recount that after Nenefi, the Andoke God, gave them the manioc stalks, he recommended people to search for a burnt, soft soil called ÑesxaΘ to cultivate them. In the case of the Uitoto, they were instructed to plant manioc on Juk+no soils. ÑesxaΘ and Juk+no are Andoke and Uitoto terms for Amazonian Dark Earths (ADE) [27] . The use of ADE for manioc cultivation is also referred in Muinane history. According to an elder woman who was present at the establishment of Villazul at the beginning of the 20th century: "the community was located on this black soil [ADE] . The first swiddens were done there [on ADE] because those soils are good for manioc growth" (Interview with A.K., November 27, 2012).
Sources of Today's Manioc Inventories
According to the indigenous people participating in our study, the manioc landraces they presently cultivate come from three different sources: landraces received in mythical times (and that provide them with their distinct ethnic identity); landraces obtained throughout their history and which furnish clans with their particular identity; and landraces obtained through exchange with farmers from outside the community.
Mythical narratives indicate that some manioc landraces were given to indigenous people as ethnic identity markers (Manicuera for example), yet these are not all the manioc landraces that today bestow an ethnic group with its identity. Tikuna and Uitoto people for example share a common historical event in which other manioc landraces appeared at the time clan differentiation within the ethnic group took place. Tikuna narratives point to a time when individuals were undifferentiated and nobody knew who their relatives were. To avoid this situation, the Tikuna started to use different manioc landraces to create differences between clans (families not bonded by consanguinity). Uitoto people specify that clan differentiation strengthened their identity by selecting particular landraces. According to Uitoto narratives, before a clan was formed people prayed asking for manioc landraces that could grant them identity as a clan. Then they searched for new manioc landraces from those that grew spontaneously (volunteer seedlings) and selected some as their own.
In addition to the manioc landraces that people maintained as ethnic identity markers, other landraces were obtained through exchange. According to our respondents, from the 173 manioc landraces collected in our study, 116 (67%) were obtained through exchange (mainly with neighboring communities), but some landraces came from very distant places-including places outside the Amazon Basin (11% of the total inventory of manioc morphotypes). The remaining 57 landraces (33% of the total inventory of manioc morphotypes) were manioc landraces identified by indigenous farmers as landraces that characterized them as members of a particular ethnic group (including mythical and clan-specific landraces). These 57 landraces also included four Bora manioc landraces introduced by a Bora woman living in Villazul as well as three Miraña landraces introduced by a Miraña woman living in Peña Roja. These landraces are now part of the manioc portfolio of the Muinane and the Nonuya communities respectively (see Table 1 ).
When these landraces that bestow ethnic identity were analyzed genetically, 100% of the Manicuera, 53% of maniocs "to eat", and 40% of yellow bitter landraces turned out to be genotypes with low genomic variability and thus with a high single population membership or Q-value ( Figure 3 ). For landraces without a specific ethnic association, the percentage of genotypes with low genomic variability was between 10% and 30%. None of the "to grate" maniocs had a Q-value higher than 0.9, but 43% of the maniocs "to grate" with ethnic specificity had a Q-value higher than 0.8 ( Figure 3 ).
When patterns of manioc planting in swiddens were evaluated, the most frequent patterns did not prevent manioc sexual recombination between toxic and non-toxic varieties or within manioc groups ( Figure 4 ). In swiddens manioc landraces are commonly organized randomly or grouped in patches according to manioc group, so manioc landraces are never truly separated from others. Therefore, each swidden creates opportunities for crossing among manioc landraces. Note: The pattern of sweet landraces in the center and bitter landraces in the periphery of the swidden was reported earlier by Van der Hammen for swiddens located in the Middle Caquetá River region [28] and also observed elsewhere by McKey and Beckerman [29] .
The Effect of Different Soil Environments on Manioc Diversity
From the five communities studied, San Martín de Amacayacu was the only one without access to ADE. However, as mentioned above, there were no significant differences in the number of manioc landraces between communities, so the presence of ADE did not increase the number of landraces in communities of the Middle Caquetá region. Moreover, from the 173 manioc landraces indigenous people identified, 119 (70%) were classified by them as landraces that grow well in any kind of soil. Among manioc landraces that, according to our respondents, performed better in highly weathered soils (six landraces), alluvial soils (19 landraces) or ADE (29 landraces) there were landraces from all the four different classes. In the cases in which indigenous farmers indicated that some landraces grew better in highly weathered soils, these landraces were not cultivated in ADE; we were also told that these same landraces did not tolerate soils with a high moisture content and the roots rotted easily when cultivated in floodplains. In the case of landraces that performed better in alluvial soils, our respondents indicated that these landraces quickly developed bulking roots and could be harvested early (one manioc landrace from San Martín de Amacayacu, for example, takes 3 months on average to be ready for harvesting). In the case of landraces that performed better in ADE, farmers indicated that these landraces produce big roots rich in starch.
The Effect of Manioc Exchange on Manioc Diversity
Indigenous farmers readily exchange manioc landraces on different occasions. Important exchanges occur primarily between mothers, grandmothers and daughters when the latter get married. Because all communities studied are patrilocal, when a woman marries, she leaves her community and/or home and goes to live at her husband's community and/or home, adopting her husband's ethnic traditions. Before she leaves a cross-generational exchange of manioc landraces occurs, and the newly-wed receives landraces from her mother and grandmother as part of her dowry. As soon as she arrives to her husband's community/home, her mother-in-law introduces her to the husband's traditions. One of the first activities the new couple has to do is to open a swidden to produce their own food. At that moment, the mother-in-law gives her daughter-in-law the manioc landraces that are specific to her son's ethnic group. She will plant them, but mix them with the manioc landraces given to her by her family. Over time, she will exchange with her mother-in-law (and other women in her husband's community) her own manioc landraces, increasing in this way family manioc inventories and, when partners come from different communities, community manioc inventories.
Traditionally, in most indigenous groups of the Amazon region, men were not allowed to marry women from other ethnic groups. Because of this, manioc stocks of different ethnic groups could develop into distinct clusters. During the last century, however, marriage rules have considerably changed. In the case of the People of the Center, for example, interethnic marriages offered patrilocal groups in danger of extinction a chance for cultural survival ( Figure 5 ). Nowadays, the ethnic composition of People of the Center communities is a mix of ethnic groups but where variation is always larger for women than for men. These changes are reflected in the arrangement of genotypes of manioc landraces in which there are no clear clusters formed by a community (Figure 2 ). In the case of San Martín de Amacayacu, in which most of the marriages are between Tikuna partners (in fact, in our sample all the couples were 100% Tikuna; see Figure 5 ), manioc landraces form a more compact cluster than the landraces of the People of the Center. Apart from manioc exchanges mediated by marriages, opportunities for manioc exchange that are not marriage dependent also occur. Often, women who travel outside the region bring back with them landraces from the places visited (for example, the landrace GUO27 in Figure S2 which was brought in from the Vaupes region in the northeast of the Colombian Amazon). This eagerness to increase manioc inventories was also apparent during our collective visits to swiddens to describe and classify manioc landraces. Farmer visitors commonly asked a swidden's owner for stalks of varieties they did not yet possess. This was also observed during collective manioc harvesting of swiddens. The practice of free manioc exchange is part of being an indigenous farmer. In fact, from an indigenous point of view a good farmer is one who maintains a high number of different landraces (and not necessarily the one who produces more per unit of land). In our case, the farmer families that each community selected to participate (i.e., the most appreciated farmers) in the study were also those with the most diverse swiddens (in terms of the number of landraces held by each family).
Indigenous Culinary Traditions
According to indigenous mythical tales, since not all manioc landraces were equally distributed over all ethnic groups, their culinary traditions also differed ( Table 3 ). The composition of manioc inventories of each community therefore, also reflects the culinary traditions of each ethnic group.
Seventy percent of the manioc landraces found in San Martín de Amacayacu were "to eat" landraces. Tikuna culinary tradition is therefore based on sweet maniocs mainly. People from San Martín de Amacayacu affirmed that they did not possess bitter maniocs until recently-about 50 years ago or so, when yellow farinha was first prepared for sale. They also stated that they traditionally knew the technique to prepare farinha from sweet manioc landraces and that they still prepare it for household use, but that they produce yellow farinha for cash. People of the Center cultivate Manicuera landraces exclusively and indeed Manicuera landraces grouped together-with the exception of one sample (VA27) which is a Manicuera landrace of the Bora ethnic group. They use Manicuera landraces to prepare their traditional drink (Manicuera) which in their mythical tales is considered as their food and identity symbol. Excluding Manicuera, each particular ethnic group recognized other manioc landraces as their own. The Uitoto and Nonuya communities of Guacamayo and Peña Roja held the highest number of yellow bitter manioc landraces. At the same time, these ethnic groups claimed that recipes elaborated with yellow bitter manioc were their own traditional preparations ( Table 3 ). The farinha that is commonly associated with the use of yellow bitter maniocs was not a traditional preparation of Uitoto and Nonuya people. According to them, they learned how to prepare farinha from their yellow bitter maniocs during the rubber boom-when this storable product was used as the main food to feed indigenous slaves. Andoke and Muinane people on the other hand claim to have the tradition to use maniocs "to grate" and claim that caguana and starch casabe are traditional preparations of theirs. However, maniocs "to grate" are also commonly used by other ethnic groups and in fact they form the dominant group of manioc landraces in the manioc inventories of indigenous communities of the Middle Caquetá. The Tikuna are also starting to use bitter maniocs to prepare traditional recipes that require starch (colada and tapioca), thus moving away from their more traditional sweet manioc use.
Against our expectations, when complexity in the preparation of recipes (in terms of number of steps and time required) was taken into account, no direct relation between complexity and toxicity was found. There are Tikuna recipes made of non-toxic maniocs that take several days to prepare such as farinha, masato (manioc beer), payavarú, payavarú wine, and tapioca, and the People of the Center use toxic maniocs that also take days to prepare such as dry casabe and tucupí. However, when complexity in terms of the time spent to prepare recipes made of "to grate" or yellow bitter manioc landraces was compared, we found that the preparation of recipes from maniocs "to grate" took less time than those prepared with yellow bitter maniocs. Maniocs "to grate" are used mainly to obtain the starch of the roots by grating and washing them with water to eliminate cyanogenic compounds and precipitate the starch. On the other hand, preparations made of yellow bitter manioc required root fermentation in water to liberate cyanogenic compounds, followed by the grating and squeezing of the root biomass to eliminate the cyanogenic compounds before cooking. Differences in the time required for bitter manioc processing might explain why the use of manioc "to grate" in communities that traditionally use mainly yellow bitter for their dishes is becoming more popular.
On the other hand, and according to the Tikuna, the use of yellow bitter maniocs among indigenous communities was promoted by outsiders for the elaboration of farinha as a non-perishable cash product, and so were new products indigenous people highly appreciate (such as tucupí). In this latter case, the toxicity of bitter maniocs is related with other organoleptic characteristics that are perceived by indigenous people as culinary advantage.
Indigenous people know the danger of consuming bitter maniocs when not properly prepared, yet they are not concerned about bitter manioc toxicity as they do not perceive this as a limitation to consume them. In fact, what we observed is that, presently, indigenous people from the communities we included in our study increase the use of bitter maniocs instead of, as we expected, increasing the use of sweet maniocs.
Discussion
Manioc Diversity and Manioc Classification in Indigenous Communities of the Colombian Amazon
A total of 173 manioc landraces were collected and distinguished based on morphological parameters. Manioc diversity in study areas of comparable size ranged between 100 and 204 different morphotypes [10, 11, 20] . This means that the methodology we used (i.e., to assess community manioc diversity through a small group of experienced farmers) gave results comparable to earlier studies.
The numbers of distinguished morphotypes and genotypes differed in our inventory, as also observed in earlier studies [5, 6, 30] . In some cases, morphological variations of identical genotypes can be attributed to genotype by environment interactions that cause unique morphotypes of the same genotype which local people classify as different landraces [11] . In other cases, morphologically similar landraces growing together are the result of an ideotypic selection of volunteer seedlings mixed with an already known landrace, resulting in more than one genotype per morphotype [17] . In this study, 87% of the morphotypes indigenous farmers distinguished were also considered genetically different; this indicates that farmers recognized more variability in the morphological features of the landraces than the genomic assay did. The high coincidence between morphotypic inventories and genotypic inventories indicates that the descriptors used by indigenous farmers to discriminate different manioc landraces were rather accurate, and that they are experts in discriminating landraces in the field. This expertise has been developed through permanent contact with the different manioc landraces in their swiddens and the efficient transmission of this body of knowledge to other women.
The 93 SNPs selected to discriminate manioc genetic diversity allowed to differentiate different locations and communities (Figure 2a ) and manioc groups (Figure 2b) . The average observed heterozygosity across the 160 genotypes was 0.39, similar to heterozygosity reported for samples from Brazil [31] . Using SNP genotyping to discriminate samples genetically, 22 duplicates of genotypes were obtained among 173 samples. These duplicates matched landraces with morphological differences in one or more features (Table 2 ). However, most of the duplicates were consistently classified into the same manioc class according to their toxicity and use, or consistently identified by the color of the bulking root pulp. These two variables define the main characteristics indigenous farmers want to see in a landrace and this in the end will define the way in which a given landrace can be used.
Among scientists, manioc variability is classified in different ways, but toxicity (expressed in terms of the content of cyanogenic compounds) is by far the main feature for manioc classification [32, 33] . Manioc landraces with less than 100 mg/kg of cyanogenic compounds are classified as sweet or of direct culinary quality, and manioc landraces with more than 100 mg/kg of cyanogenic compounds are classified as bitter or of industrial quality [32, 34] , implying a major processing step is required. The concept of industrial quality is alien to indigenous classifications but by and large they follow the same major distinction of maniocs (Table 1) as needing a major processing step or ready to eat after minor processing. In addition, they add the color aspect as of major (culinary) importance.
Accidents of manioc poisoning are extremely rare in Amazonian indigenous communities; apparently, a biocultural co-evolution between people and manioc occurred [16] . We evidenced no constraints whatsoever in the use of high toxicity maniocs among indigenous farmers, even though we observed an increase in the use of high toxicity maniocs. The use of low toxicity and high toxicity maniocs encourages indigenous farmers to maintain both types of maniocs in their production systems and thus a potential source of manioc variability that would, of course, be limited in regions where bitter maniocs are not appreciated for human consumption. However, farmers outside the Amazon Basin (as in some African countries) also find advantages in the cultivation of bitter maniocs [35, 36] and are increasingly including high-toxicity landraces in their productive systems [16] .
It has been proposed that sweet and bitter maniocs were domesticated in different historical moments, and that these maniocs were distributed unevenly throughout the Amazon region-even though they are presently cultivated together in fields [37] . Our results show a clear genetic clustering for both sweet and bitter maniocs; this might support arguments in favor of a different origin of these two manioc classes. It has been proposed that sweet manioc landraces were domesticated in what is today the state of Rondônia in Brazil [38] and that from there they spread along the main rivers of the Amazon Basin. This might explain why in Tikuna communities (such as San Martín de Amacayacu) located on the Amazon River and its main tributaries the use of sweet manioc varieties is dominant, while among ethnic groups living in the interfluvial region bitter maniocs dominate. Results also indicate the importance of interethnic marriages among neighboring ethnic groups. This implies a relatively high seed exchange rate between neighboring groups that also exchange brides as compared against seed exchange with far away communities, e.g., between San Martin de Amacayacu and the communities of the Middle Caquetá region. This seed exchange through marriage between neighboring groups has also been observed in other communities [39] [40] [41] [42] . The lack of exchange over longer distances strengthens geographical isolation, thus increasing overall manioc diversity in the Amazon region.
When the genomic composition of the morphotypes collected in this study were compared with the genotypes provided by CIAT's world collection most of the samples form a cluster apart from CIAT's genotypes. This indicates that although some of the genomic variability of maniocs from the Colombian Amazon is represented in CIAT's core collection, there is a substantial genetic diversity that is not contained by it. Similar findings were obtained when the germplasm of some Amazonian maniocs was compared with CIAT's core collection using microsatellites [6, 7] is far from covering all available diversity. The current study also showed clear that potentially diversity available in Colombian Amazon is poorly represented in CIAT's collection.
Sources of Manioc Variability among Ethnic Groups
Seed exchange mechanisms are important sources to increase and maintain crop agrobiodiversity in the Amazon [39] , and manioc exchange is most likely to occur among nearby communities. However, manioc exchange can reduce diversity as active out-crossing of the different landraces exchanged may homogenize crop diversity [43] . Our dendrograms show that there exist differences in manioc diversity among groups geographically separated by hundreds of kilometers; these differences however also appear in the cluster of the Middle Caquetá region where communities exist relatively close to one another. Delêtre et al. [40] found that, in areas where ethno-linguistic boundaries are present, particular manioc groups are formed (and which they attribute to differences in marriage rules and therefore manioc exchange). Notwithstanding the differences in marriage rules between the communities studied by Delêtre et al. and the communities we researched (where, until recently, manioc exchange was limited by ethnic boundaries), the effect of marriage rules on manioc diversity seem to be comparable. In our case, social rather than geographical exclusion allowed for the emergence of a relation between particular manioc landraces and ethnic identity; this in turn possibly strengthened the bond within, and the differentiation between, ethnic groups. For indigenous groups of the Colombian Amazon, manioc is not merely a crop; it also constitutes a symbol of identity. There are maniocs that identify ethnic groups with a common origin (Manicuera for People of the Center) as well as maniocs that identify particular ethnic groups (maniocs "to eat" for the Tikuna, yellow bitter maniocs for the Nonuya and Uitoto and maniocs "to grate" for the Andoke and Muinane). This link between ethnicity and manioc apparently occurs elsewhere as well, as is the case with the Miraña and the Bora (see above) or the Piaroa of the Venezuelan Amazon [20] . This particular segregation of maniocs among the different ethnic groups constitutes a source of manioc variation in the region.
Some of the maniocs that provide ethnic groups with their identity must have been obtained from volunteer seedlings selected long ago (so long ago that indigenous people consider them to be of a mythical origin), those that provide clan identity clearly showed that they were obtained through the selection of sporadic volunteer seedlings. These historical moments of volunteer seedlings selection are clear examples of a directional selection of volunteer seedlings. What most probably started as a selection for agronomic performance [21] could later have led to the selection of a manioc landrace for distinctive features that could help clans to claim it as their own. Volunteer seedlings constitute an important source of manioc variability and are important for the selection of manioc landraces as ethnic identity markers. Today, indigenous farmers continue to incorporate volunteer seedlings into their manioc pools as 5% of the landraces they described were obtained from recently selected volunteer seedlings.
The fact that 33% of the total manioc inventory of landraces constituted a symbol of identity, and that from these Manicuera, more than 50% of the "to eat" maniocs and 40% of yellow bitter maniocs also have low genomic variability indicates that these landraces have been conserved without major modification to their genomes (that is: without significant recombination). The importance (in terms of historical memory) of these landraces for each one of the ethnic groups studied warrants the special treatment they receive. This fact notwithstanding, all manioc landraces (whether they are or are not attached to ethnic identity) are managed in the same way and planted in patterns that do not prevent possible sexual recombination of landraces. In contrast to other ethnic groups in which shamans play an important role in the conservation of manioc landraces, in the communities we studied, women are wholly responsible for the management of manioc inventories and their conservation. Results indicate that indigenous women have a deep knowledge of these landraces and furthermore partake in effective knowledge transfer networks involving young women to perpetuate their conservation. This is why ethnic groups that have production systems based on swidden agriculture, have been less affected by outside interventions, and are still able to pass on the knowledge required to manage, conserve or otherwise increase manioc inventories. Swiddens can be considered effective in situ reservoirs of landraces with low genomic variability.
Duputié et al. [21] indicated that the incorporation of volunteer seedlings that had a too high level of inbreeding could reduce agronomic quality, while volunteer seedlings that had a too high level of outbreeding could blur highly appreciated landrace features. Apparently, the indigenous people we studied handle these probabilities appropriately through their intimate knowledge of the morphological characteristics that distinguish important landraces from others, by reproducing them clonally, by planting different landraces in clusters to maintain landraces' most important characteristics, and by testing volunteer seedlings for two or three production cycles before deciding whether to maintain them or not; the latter practice was also observed in the Wayãpi indigenous group [21] . These practices effectively help avoid the negative effects of cross-breeding in clonal populations.
As we show, the use of low toxicity or high toxicity maniocs was directly associated to ethnic culinary traditions (and which in turn provided a specific ethnic or clan-specific identity). Wilson and Dufour [44] also found a direct relationship between the manioc inventories of the Tukano of the Colombian Vaupés and their culinary traditions. McKey et al. [16] propose that the use of particular manioc landraces among ethnic groups might be the result of the type of society. Accordingly, high toxicity maniocs would be most favored in large, sedentary societies along floodplains of major rivers where fish supply is abundant and a good part of the time could be used for high toxicity manioc processing. On the other hand, the use of low toxicity maniocs might be favored in smaller and more mobile societies where the main activities are based on hunting and gathering and where there is not enough time for processing manioc or for making or transporting the tools needed for it to a new settlement.
The hypothesis of McKey et al. [16] however does not hold for the case of the indigenous communities of this study. People of the Center who do have a tradition to use high toxicity maniocs do not originate from the floodplains of major rivers but rather from the interfluve between the Caquetá and the Putumayo Rivers where the supply of fish is also limited [45] . Although they have moved out of their ancestral territories to areas with fertile floodplains, their tradition to use mainly high toxicity maniocs has not changed. On the other hand, the Tikuna, a much less mobile society than the ethnic groups of the Middle Caquetá region, adopted high-toxicity maniocs only recently and mainly as a way to obtain some cash needed for goods they cannot themselves produce. We therefore found that the preference for low toxicity or high toxicity maniocs was unrelated with the ease of processing and hence, according to our respondents, not an important reason to select or grow landraces.
Sources of Manioc Variability among Communities
Fraser and Clement [46] and Fraser et al. [19] suggested that ADE could constitute a different edaphic environment for manioc cultivation which might drive an artificial selection of manioc landraces that perform better in those soils-thus increasing manioc diversity at the community level. However, the number of manioc landraces in our community inventories did not differ significantly between communities with or without access to ADE. Although according to indigenous farmers a few manioc landraces performed better in certain soils, most of the manioc landraces they cultivate grow well in any soil. For these indigenous communities, a soil-manioc specificity has not been encouraged, moving their manioc stocks indiscriminately from one swidden to the next. Having manioc landraces that easily adapt to soil variations allows farmers to harvest enough manioc to satisfy their requirements independently of the soil characteristics of the swidden. Our respondents showed little interest in increasing manioc yields and seemed more concerned in preserving a variety of landraces to satisfy their culinary traditions, thereby maintaining what they deem to be a good quality of life. Our findings match those of Hastik et al. [47] who also found no preference for the use of anthropogenic soils in an Amazonian region with low land use pressure. The favoring of a soil-manioc specificity might be an important aspect in Amazonian societies that are more integrated in the market and more interested in cultivating manioc as a cash crop, showing a proclivity to select specific soils such ADE in order to improve yields as in the case of caboclos from the Madeira River [9] .
Although a manioc-soil specificity was not found in the communities we studied, Andoke and Uitoto narratives attribute an important role to ADE in the conservation of the first maniocs indigenous people manipulated. This is in agreement with the hypothesis that manioc is a native species of Amazonia [16, 48] and that ADE might have played an important role in manioc domestication [38] .
One factor that affected manioc diversity at community level was manioc exchange. The common inclination of farmers to maintain high numbers of manioc landraces can be explained through their concept of life-quality which is based on the notion of abundance of landraces and products. For indigenous people, the good life is "to eat well and live well" which basically means continuous access to a variety of foods which in turn will secure good health, harmonious relationships with the family and the other members of the community, as well as a prolific progeny [49] . Essential to this purpose is to secure an abundance of products and landraces that may serve as a buffer in difficult times.
Manioc exchange among indigenous communities of the Middle Caquetá region could be appreciated in the dendrograms of manioc genetic diversity. Dendrograms also showed a close relation between Tikuna manioc landraces and landraces from Peru ( Figure S2 ). This latter relation could be explained by the geographical position of the community of San Martín de Amacayacu and the distribution of the Tikuna ethnic group in the region: the Tikuna's traditional territory corresponds to the upper part of the Amazon River which includes parts of the Brazilian, Colombian and Peruvian Amazon [50] . For the Tikuna, borders within what they consider to be their territory do not exist, and therefore sharing and exchanging manioc landraces with other Tikuna communities of the three countries is common. Finally, manioc exchange has also been induced by external pull factors such as the recent cultivation of high toxicity landraces to prepare yellow farinha as a cash product which is easily sold within the community and in close-by urban centers.
Apparently, instead of an erosion of manioc diversity due to outside interventions, manioc diversity has been maintained in the last century and, in some cases, increased by the interplay of three different factors. First, the continuity of local culture which has encouraged indigenous people to maintain manioc landraces with low genomic variation. Second, the continuous experimentation with volunteer seedlings in the field. Third, the willingness of indigenous farmers to maintain highly diverse inventories of manioc in their swiddens as a symbol of a good quality of life. From our perspective, as long as the relationship between indigenous people and manioc continues, the conservation of a high manioc diversity in the region is possible. In this sense, manioc could be considered more than just a crop in the Amazon region: it also needs to be seen as cultural heritage of Amazonian societies.
However, the permanent threats to the conservation of the Amazon Basin, together with the pressure to integrate indigenous people in currently prevailing economic models severely increases the risk of loss of indigenous crop diversity [11, 51] . For this reason, it is expedient to understand the drivers of current manioc diversity and to locate manioc variability hotspots. Information about these issues might be important for those interested in maintain and increase public manioc collections, and for those interested in the conservation of manioc diversity, to help develop strategies to conserve these materials in situ. There are already some experiences showing that it is possible to protect both crop diversity and the collective knowledge indigenous people have of crops by way of geographical indications or denominations of origin [52] in which the use of molecular tools such as SNPs to discriminate landraces from specific localities or ethnic groups is accurate [53] [54] [55] . Since it is difficult to maintain a real representation of diversity in worldwide crop collections, the possibility to acknowledge and incorporate local farmers in the conservation of diversity could be a real alternative for crop conservation and the preservation of independent cultures. Unfortunately, initiatives to do so are still in their initial stages [56] .
Conclusions
Inventories of manioc of communities were both morphotypically and genotypically different, with a good correspondence between the two. The high manioc diversity observed in the five indigenous communities of our study is the result of different social factors that have historically affected manioc since its domestication. These social factors have played a more important role than for example e.g., differences in edaphic environments. The main reason for this is that manioc, the staple food for indigenous communities of the Amazon region, is a symbol of identity. Manioc variation is intimately related with ethnicity or clan membership and with local culinary traditions that express this identity. Manioc diversity is therefore linked to cultural aspects and it explains the importance and conservation of each one of the manioc landraces that today exist in our area of study. These aspects are lost when manioc landraces are conserved outside the communities that shaped these people-manioc relationships.
We sampled only five communities in the Colombian Amazon; since the Amazon Basin is inhabited by hundreds of different ethnic groups-each with its distinct people-manioc relationship-the number of manioc landraces in this Basin can be expected to be high and diverse. The knowledge indigenous farmers and, particularly, women have of the characteristics of the manioc landraces they manage, constitutes an important factor for the conservation of particular manioc landraces with low genomic variability. In addition to the particular manioc landraces conserved by each ethnic group, the incorporation of volunteer seedlings into farmers' portfolios and manioc exchange mechanisms are two important and permanent sources of manioc variability in the region.
Swidden agriculture provides indigenous people the opportunity to continue managing highly diverse stocks of toxic and non-toxic maniocs, as well as to select and conserve volunteer seedlings that spontaneously appear in their swiddens. Nevertheless, the production system of the indigenous communities from our study is not any more common place in the Amazon Basin or beyond. Today, many indigenous groups are disappearing or merge into larger societies-to the detriment of cultural diversity [57] . Models of manioc production in which production depends on a limited number of genotypes with clear commercial advantages reduces the possibilities for social mechanisms to act in favor of promoting and sustaining manioc diversity.
The manioc diversity shown in this study represents a small sample as we only studied five of 420 ethnic groups [57] . Nevertheless, this diversity is not fully represented by CIAT's world collection. In situ conservation of manioc diversity is possible but this can only be attained when the production systems of indigenous communities are themselves also conserved. It is therefore necessary that institutions interested in manioc conservation develop strategies to recognize and learn from these communities how they created their highly diverse manioc portfolios and help them conserve them as an important legacy for present and future generations.
Materials and Methods
Study Area
Throughout our research we studied two elements that affect manioc diversity: soil diversity and socio-cultural arrangements. For the study, we selected the Colombian Amazon region, part of upper Amazonia, where manioc diversity has been poorly studied. In the case of soil diversity we were particularly interested in the way ADE affects manioc cultivation, as the use of these soils by indigenous people has been poorly documented. For this, and with an aim to compare two locations with contrasting soils, we selected an area in the southern part of the Colombian Amazon in which ADE has not been reported, and an area in the Middle Caquetá River in which ADE has been reported. To assess the relation between socio-cultural aspects and manioc diversity we selected the most representative ethnic groups and the most traditional communities of each area of study. Accordingly, research was carried out among five ethnic groups ( Figure 6 ). The first are the Tikuna living in the community of San Martín de Amacayacu, located in the lower section of the Amacayacu River, a tributary of the Amazon River. A second cluster of four ethnic groups (the Andoke community of Aduche, the Uitoto community of Guacamayo, the Muinane community of Villazul, and the Nonuya community of Peña Roja) is located in the Middle Caquetá River region. San Martín de Amacayacu (03°50′17.3″ South and 70°17′57.3″ West) lies within the limits of the Amacayacu National Park and is part of the Tikuna, Cocama and Yagua Indigenous Reserve (TICOYA) which covers approximately 140,000 ha. The area is characterized by flat plains of ancient, low alluvial terraces with superficial soils as a result of the high phreatic level of the area. Elevation is around 100 m above sea level with slopes between 1%-3%. The average annual rainfall is 2800 mm. The area is covered by a mature dense forest most in a mature stage with abundant epiphytes [58] with moderate anthropic intervention.
The area of the Middle Caquetá River embraces two indigenous reserves of which the communities of Aduche, Guacamayo, Villazul and Peña Roja are a part. The Aduche Indigenous Reserve (approximately 62,000 ha) includes the communities of Aduche (00°39′21″ South and 72°17′32″ West) and Guacamayo (00°31′25″ South and 72°22′38″ West) and the Nonuya Indigenous Reserve (approximately 59,840 ha) includes the communities of Villazul (00°40′00″ South and 72°16′32″ West) and Peña Roja (00°44′29″ South and 72°05′09″ West). The area is formed by the intersection of sedimentary plains of Tertiary origin with rocky outcrops of Paleozoic origin, creating elevated plateaus. The area also includes alluvial plains of the Caquetá River and its tributaries. Elevation ranges between 200 and 300 m above sea level with slopes between 7%-25%. The average annual rainfall is 3000 mm [59] .
The area is covered by a mosaic of vegetation types ranging from mature dense forest to small herbs and bromeliads on the rocky formations [58] , with moderate anthropic intervention.
All the indigenous communities that participated in this research project have access to highly weathered soils and alluvial soils for manioc production [60] [61] [62] . Highly weathered soils classified as Oxisols and Ultisols [63] are acid (pH 3-5.5) soils, characterized by prolonged periods of weathering and leaching during their formation, resulting in soils with a low cation exchange capacity, limited amounts of cations and a very low phosphorous availability. Alluvial soils (classified as Alluvial Entisols) originate from the annually enriched Andisols sediments from the flooding of the Caquetá and Amazon Rivers and their tributaries [64] .
The community of San Martín de Amacayacu is the only one without Amazonian Dark Earth (ADE). ADE are very fertile soils with good physical and chemical properties and very suitable for agriculture [65, 66] . They hold large amounts of organic matter and are less acidic than the Oxisols or Ultisols from which they were formed, resulting in a better cation exchange capacity and base saturation compared to background soils [67] . ADE not only have more available nitrogen, calcium, and phosphorous [68] but are also less affected by leaching, resulting in a longer-term nutrient availability as compared to background soils [69] .
Fieldwork
The research we undertook was based on a free, prior informed consent agreement between the Instituto Amazónico de Investigaciones Científicas Sinchi and the communities associated to the indigenous organization Asociación de Comunidades Indígenas del Trapecio Amazónico (ACITAM) which includes the community of San Martín de Amacayacu and the indigenous organization Consejo Regional Indígena del Medio Amazonas (CRIMA-which includes the communities of the Middle Caquetá region) to work together on all aspects of traditional food production (Agreement between Sinchi Institute and the AZICATCH, CRIMA and ACITAM indigenous organizations of June 2004) [70] . The activities carried out also obeyed the two main missions of the Sinchi Institute [71] : First, to support the Ministry of Environment in carrying out their commitments and the development of activities stemming from Colombia's participation in international treaties and agreements (such as its support to article 8j of the Convention on Biological Diversity); second, to encourage the development and dissemination of knowledge, values and technologies related to the management of natural resources of ethnic groups of the Colombian Amazon through participatory action research.
Field work was carried out between September 2011 and September 2013. Each community was visited eight times for two to four days, for a total of 20 days per community. For a better understanding of manioc diversity, both morphological and genetic diversity was estimated. Morphological diversity was assessed in the field together with indigenous farmers in 2011, while genetic diversity of the landraces that were recognized by indigenous people was estimated in the laboratory in December 2013. Cultural elements associated to manioc diversity were recorded in all communities between 2011 and 2013. All the information obtained was discussed and analyzed by the authors of this paper.
Populations
Five ethnic groups of the Colombian Amazon region participated in this research: Tikuna, Andoke, Muinane, Nonuya and Uitoto.
The Tikuna people are originally from the upper Amazon Basin; their language (Tikuna) stems from an independent linguistic family. Tikuna people can be divided into two main groups of clans, those with feathers and those without feathers; marriages generally only occur between members of opposed clans, thus promoting exogamy [72] . During the rubber boom at the beginning of 1900s, the Tikuna were less affected than the ethnic groups from the Middle Caquetá region, as the former apparently offered less resistance to slavery than other groups. At present the Tikuna number approximately 35,500 individuals distributed across the Amazon region of Brazil (71%), Colombia (23%) and Peru (6%) [73] . The community of San Martín de Amacayacu is inhabited by 440 inhabitants (153 families; community census of 2011) who live on one side of the Amacayacu River. Despite having had long contact with white people throughout their recent history, the community of San Martín de Amacayacu maintains its traditional culture.
Uitoto, Andoke, Muinane and Nonuya people presently living in the Middle Caquetá region identify themselves as ethnic groups with a common geographic origin encompassing the area between the Putumayo and the Caquetá rivers. Because of this they call themselves "Gente de centro" (People of the Center). Therefore, Uitoto, Andoke, Muinane and Nonuya share different cultural aspects such as the common origin of their languages (rooted in the Wuitoto linguistic family), the construction and use of malokas (large houses where traditional leaders are consulted and where they pass on their knowledge) and the use of the coca leaves and tobacco as elements required to establish dialogue within the malokas. Between 1908 and 1909 Thomas Whiffen visited the area between the Putumayo and the Caquetá rivers and estimated the number of Uitoto at 15,000, of Andoke at 10,000, of Muinane at 2000 and of Nonuya at 1000 [74] .
The population of People of the Center was strongly diminished by the rubber boom. In some cases (e.g., the Nonuya and Muinane) only few men survived. Therefore, these groups broke with the tradition to marry only between clans of their own ethnic group and made new arrangements to marry women of other ethnic groups (O.P., personal communication). This allowed them to increase their numbers and perpetuate their particular cultures-at the expense of creating multiethnic communities. The present Uitoto population is estimated to be 8400 inhabitants, with 77% living in Colombia and 23% in Peru where they arrived as slaves during the rubber boom. According to the 2011 community census, the Uitoto community of Guacamayo consists of 153 persons (34 families). Aduche is the only Andoke community that exists today. This community is located on Andoke ancestral territory and inhabited by 128 (27 families). The community of Villazul is one of two Muinane communities that remains today. The community of Villazul is inhabited by 77 persons (17 families). The community of Peña Roja is the only Nonuya community that exists today. It is inhabited by 71 persons (15 families).
After explaining the participatory approach of the project and the activities our research would consist of each community selected what they considered to be the most experienced and active farmer families to work with us in this project. Twenty families from San Martín de Amacayacu (13% of the population), ten from Guacamayo (29% of the population), nine from Aduche (33% of the population), eight from Villazul (47% of the population), and six from Peña Roja (40% of the population) were selected. The selected families were composed of couples or elder people and their daughters or sons. Because not all the families were of the same ethnic origin, information about the ethnicity of men and women was recorded. Because women are directly responsible for planting and cooking manioc, it was also assessed whether they followed the cultural traditions of their husbands or their own traditions when cultivating or cooking manioc.
Ethnobotanical Data
Manioc Inventories
An inventory of manioc landraces managed by each community was made to determine manioc morphotypic diversity. Morphotypic diversity was understood as the number of different manioc morphotypes conserved per community and across communities. With each of the communities separately an inventory of their manioc landraces was made to determine manioc diversity. At the start, a preliminary list of the names of the manioc landraces present in the community was elaborated through a group discussion with women farmers. This was followed by visits to swiddens starting with the swiddens local people considered to be the most diverse. In the field, the farmers discussed which plant represented which landrace and jointly a description was made. Whenever new landraces were found, these would be added to the list. When no more new landraces were found on a swidden, the group went to the next swidden to look for other landraces. This procedure was repeated until the people indicated there were no further manioc landraces in their community. This ensured that most landraces present in the village were recorded, although there is a possibility that some landraces may have been left out from these inventories. The same procedure was repeated in all communities.
The description of manioc landraces was based on morphological characteristics used by indigenous people of the communities and made them equivalent to the morphological indices developed by CIAT [75] and EMBRAPA [76] . The descriptors of manioc plants included: apical leaf color, mature leaf color, leaf branch color, shape of the leaf lobule, color of the stalk exterior, color of the bulking root cortex, color of the bulking root pulp, shape of the bulking root, presence of a root stem, and architecture of the plant ( Figure 1) ; a photographic record of each landrace was taken. The overlap between the descriptors used by indigenous farmers and the descriptors used by CIAT and EMBRAPA is included in Table S1 of supplementary material and the complete morphologic description and photographic record of each manioc landrace recorded in this study is provided in Figure S1 of supplementary material.
Complementary information collected on manioc landraces included: common name, traditional name, type of manioc according to indigenous classification, type of soil in which the landrace grows best, origin of the landrace (sexual when the landrace was recognized by the farmer as a volunteer seedling or propagated from a volunteer seedling; clonal when the farmer obtained the landrace from a stem cutting), location from where the landrace was obtained, and its uses. Complementary information was used to assess volunteer seedling frequency in indigenous swiddens and their management by farmers.
In order to triangulate the individual inventories of each community and to look for duplicates, after completing the community inventories group discussions were held with farmers who participated in the description of the manioc landraces. To this purpose, the pictures and the description of each landrace were used.
Inventory of Ethnic Manioc Dishes
Women from the different ethnic groups were interviewed to list all recipes they knew in which manioc was the main ingredient and to assess the frequency with which those recipes were prepared. They were asked about all types of preparations including fermented and non-fermented drinks, main meals, snacks, condiments and any preparation they considered were important to include in the list. In this way an inventory of recipes was obtained. The research team often helped in the preparation of meals and to share these with members of the communities; these were important opportunities to observe culinary traditions and learn about the manioc landraces frequently used in them.
Genetic Data
From each one of the landraces described by indigenous people in the field, one to three samples of apical sprouts were collected in paper bags with silica gel as dehydrating agent. Upon arrival at the laboratories of the Sinchi institute in Leticia (Colombia) the samples were completely dried with silica gel and preserved at −20 °C.
Plant molecular analyses were carried out within the framework of the new legislation for research institutes associated with Colombia's Ministry of Environment (Decreto 1376 of 2013) [77] , and in which the Sinchi institute does not need permission for genetic resources assessment when the material is collected without a commercial interest and for research purposes only.
The samples were processed in the Manioc Genetics Laboratory of CIAT, Palmira (Colombia) . Upon arrival the samples were lyophilized overnight using an Alpha 2-4 LDplus Martin Christ Freeze-dryer (Germany). From lyophilized samples DNA was extracted using Qiagen (Venlo, Netherlands) DNeasy Plant 96-well extraction kits.
Genetic diversity of manioc has generally been assessed by the study of single sequence repeats (SSRs). However, only a limited number of SSR markers are polymorphic, limiting the power to assess genetic variability in manioc [53] . On the other hand, single nucleotide polymorphisms (SNPs) are the most abundant type of DNA polymorphisms in eukaryotic genomes. For manioc, one SNP can be found per 121 nucleotides. A total of about 2954 SNPs have been found for manioc from which 1190 have been technically and biologically validated for manioc [15] making them much more abundant than SSRs [53] . Additionally, SNPs are biallelic (homozygous or heterozygous), generally stable to mutations, locus specific and co-dominant [31] . SNP information is easily available from generally expressed sequences tags (ESTs) on gene databases [15] , with a low genotyping error rate compared to other markers [31] , and therefore ideal for genetic studies and especially for assessing diversity [53] . For this study 93 SNPs were used (Table S2) to assess manioc diversity, tested previously by the team of the Manioc Genetics Laboratory of CIAT [78] .
Samples were processed using the protocol for SNP genotyping with the EP1 TM system and SNP type assays of Fluidigm ® version S.01 following instructions from the manufacturer.The SNP assay is based on an allele-specific Polymerase Chain Reaction (PCR) SNP detection chemistry using a Biotium Fast Probe Master Mix, hybridizing SNPs at end-points and attaching signal bases that emit specific fluorescent patterns according to the DNA base that is read [79] .
Prior to performing allele-specific PCR, a standard amount of manioc DNA (60 ng) per sample was amplified in a three-step procedure to obtain the sample assay. In step one a Specific Target Amplification (STA) with the manioc DNA was done in a thermocycler through 15 min at 95 °C for Taq polymerase activation, followed by 14 extension cycles of 95 °C for 15 s and 60 °C for 4 min. This is called the sample mix. In step two, the sample mix was diluted 1:100. In step three the diluted sample mix was combined with an assay mix which contained the ASP1, ASP2 primers and the locus-specific primer (LSP); the sample assay thus obtained was placed in the sample inlet of the chip of an IFC Controller HX. In the detector inlet a Fluidigm SNPtype TM custom assay based on a core set of 93 manioc SNPs was placed that was previously reported by Ferguson et al. [15] SNP variability-data were captured in the EP1
TM fluorescent reader at cycle 28 and 33 to be able to discriminate between homozygous and heterozygous SNP-allele calls. A direct detection of products was obtained as they emitted peaks at 495, 520, 538 and 554 nm that were read by a BioMark TM System for genetic analysis. Both data sets collected in the EP1 TM (at 28 and 33 cycles) were analyzed using the Fluidigm SNP Genotyping Analysis software [80] .
Sequences of samples collected in the field were compared with sequences from 99 samples of the CIAT's manioc world collection obtained with the same methodology. Samples of CIAT's manioc world collection included samples from South and Central America (71), Africa (1) and Asia (9), 3 hybrids and 15 landraces of unknown origin. Manioc DNA samples from the America's included: 5 from Argentina, 2 from Bolivia, 4 from Brazil, 26 from Colombia, 3 from Costa Rica, 3 from Cuba, 3 from Ecuador, 5 from Guatemala, 5 from Mexico, 2 from Panama, 2 from Paraguay, 5 from Peru, 1 from Puerto Rico, and 5 from Venezuela. The manioc DNA sample from Africa was from Nigeria. Manioc DNA samples from Asia included: 2 from China, 3 from Thailand, 2 from Indonesia, and 2 from Malaysia. The three samples of manioc hybrids were ICA-CIAT hybrids obtained by open or controlled pollination. The 15 samples from unknown origin were identified by the codes AM206-5, AM560-2, FLA 21, FLA61, FLA 19, GLA8, GM905-52, GM905-57, GM905-60, SM301-3, TMS60444, C18, SG107-35, GUT64, and JAC3. Results of manioc diversity of the CIAT core collection and samples of this study are presented as Figure S2 of our supplementary material.
Statistical Analysis
Chi-square tests were used to assess differences in manioc inventories and differences in the classes of manioc landraces cultivated among ethnic groups. The statistical analyses were performed with the Analytical Software Statistix 9.0.
A z-test was used to assess which morphological variables distinguished as different morphotypes plant pairs that were considered duplicates in the genomic analysis. The morphological description obtained for each variable was transformed into binary data (1 = when the morphological description of the variable matched between genotype duplicates, and 0 = when the morphological description of the variable did not match between genotype duplicates). Z was then calculated as:
where p was the number of times a variable chosen matched between genotype duplicates; π was the null hypothesis value that in this case was 0.5 as each variable has the same possibility to match or not between duplicates; and n was the sample size which corresponded to the number of genotype duplicates tested (21) . The test considered that, when the values obtained for each variable were greater than the zvalue from the table, the variable was significantly different among the 21 genotype duplicates compared. The variables that obtained the highest values were the variables that matched in most of the duplicates compared while variables with low scores could be potential morphologic discriminators of genotypes. The sequences obtained from each manioc landrace through its genetic analysis were read, organized and analyzed to obtain the genetic structure of the population of the samples collected. The genetic structure was obtained using a Bayesian model approach [81] with the STRUCTURE 2.2 software [82] . This Bayesian analysis determines the minimum number of populations (K) that could have generated the observed diversity using an admixture model and assumes that each individual inherited some portion of its ancestry from each one of the K populations determined. The number of K populations is based on the rate of change in the log probability of the data between successive K values. To estimate it, a ΔK method [83] was implemented in the STRUCTURE software to ascertain the most likely value of K in this data set, using 1 to 10 populations. The length of the burn-in period was set on 100,000 and the number of MCMC Reps after burn-in on 200,000. After the value of K was determined, each sample was compared with each one of the K populations to discriminate samples into defined groups that segregate similarly. Information was used to elaborate Neighbor-Joining dendrograms of genetic diversity. The observed heterozygosity (Ho) of each SNP was calculated according to Nei [84] and Shete et al. [85] using PowerMaker software. STRUCTURE outputs were processed using CLUMPP v1.1.2 [29] to account for the variability in individual membership probabilities across the different runs, and to find optimal alignments of independent replicates on each K. Neighbor-Joining dendrograms were elaborated with the data obtained with K = 3 and K = 6, calculated to be the number of populations that best explained the genetic data obtained [83] . Samples that, after being compared with three or six populations (K = 3 and K = 6) obtained membership coefficients (Q) higher than 0.9 for one of the populations with which they were compared, were considered samples with low genetic variability. On the contrary, samples that obtained membership coefficients (Q) between 0.9 and 0.3 in relation with all of the populations with which they were compared, were considered samples with high genetic variability; that is, the samples with the lowest values were the ones with the highest genetic variability.
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